We combine two-photon lithography and optical tweezers to investigate the Brownian fluctuations and propeller characteristics of a microfabricated helix. From the analysis of mean squared displacements and time correlation functions we recover the components of the full mobility tensor. We find that Brownian motion displays correlations between angular and translational fluctuations from which we can directly measure the hydrodynamic coupling coefficient that is responsible for thrust generation. By varying the distance of the microhelices from a no-slip boundary we can systematically measure the effects of a nearby wall on the resistance matrix. Our results indicate that a rotated helix moves faster when a nearby no-slip boundary is present, providing a quantitative insight on thrust enhancement in confined geometries for both synthetic and biological microswimmers.
micro-helices due to the fluid flows and surface tension forces present during development, a protective structure composed of three walls is fabricated for each micro-helix. After development, the micro-helices are first immersed in deionized water and then detached from the glass substrate using a pulled glass pipette controlled by a micromanipulator. Free-floating helices could then be trapped by optical traps.
A bright-field image and a scanning electron microscopy image of a micro-helix are shown respectively in Fig. 1(a) and Fig. 1(b) . The micro-structure is designed as an helix with radius 2 μm, pitch angle ψ = 42° and length π ψ μ = = . L r 2 tan( ) 11 5 m. At each of the two extremes, a joint connects the helix to a prolate ellipsoid with major an minor diameters of 4 and 2 microns respectively. The total length of the structure including the helix, the L-shaped joints, and the ellipsoidal handles is approximately 24 μm. The micro-helices are fabricated vertically (i.e. standing up on the photoresist coated coverglass) with one of the two ellipsoid adhering on the glass. The point spread function of the writing laser is elongated along the vertical axis resulting in a helical ribbon shape (see Fig. 1(b) ). A section of the helix filament can be thought as an ellipse with minor and major axis measuring 0.6 μm and 1.1 μm respectively.
Brownian fluctuations are observed with a standard optical microscope coupled with an IR holographic optical tweezers setup. The two ellipsoids at the extremities of the micro-helix serve as two handles that facilitate trapping by providing a strong axial gradient force that balances the scattering force on the helix filament and allows stable 3D trapping. To facilitate tracking the helices are arranged horizontally at about 1 μm above the focal plane as shown in Fig. 1 (c). In this configuration, the two ellipsoids produce bright blobs which can be easily tracked using a center of mass algorithm. Calling (x 1 , y 1 ) and (x 2 , y 2 ) the in-plane coordinates of the two handles, with x and y directions defined in Fig. 1(c) , we define the helix position (x, y) as the middle point of the segment joining the two handles (dashed line in Fig. 1(c) ). The in-plane orientation of the helix is computed as the angle between the line connecting the two handles and the x axis:
. The helix appears as a dark stripe with a sinusoidal shape and has a bright elongated blob given by the part of the helix that is closer to the focal plane. The rotations of the helix around its axis are measured by tracking the position of the blob respect to the handles. For each frame we interpolate the image along a line connecting the center of the two ellipsoids. Fig. 1(d) shows the image interpolated intensity along the green dashed line shown in Fig. 1(c) , the peak corresponding due to the helix filament shifts upon helix rotation but is not affected by translations of the entire structure. After tracking the peak position (again using a center of mass algorithm) we convert its linear displacement Δl to an angle shift Δφ = 2πΔl/L. The mean vertical distance of the helix from the coverglass can be indirectly derived as the sum of the holographic displacement of the trapping spots (1 μm) and the vertical displacement of the focal plane from the coverglass (7 μm). This last value can be measured by focusing on small scatterers attached to the coverslip surface and then applying a controlled z translation using a piezoelectric stage.
Results and Discussion
The micro-structure is trapped as shown in Fig. 1(c) i.e. with the L-shaped arm pointing upwards. This appears to be the most favorable position in terms of tracking and stability. The trapped helix is imaged at 100 fps for almost 5 hours. We track the position and orientation of the helix through the four coordinates x, y, θ, φ defined above. For small fluctuations around the equilibrium configuration the force field produced by the optical traps can be derived from a quadratic potential:
T where ξ represents the column vector (x, y, φ, θ) T . This last assumption is confirmed by the fact the probability distribution of all coordinates is Gaussian as expected using Boltzmann statistics. The elastic constants K ij of the potential can be characterized using the well known properties of multivariate Gaussian distribution: where k B is the Boltzmann constant, T is absolute temperature. Replacing the average operator ⟨⋅⟩ with a time average we compute ⟨ξξ T ⟩ from our tracks and thus obtain K. Indicating with M the mobility matrix and with η(t) the zero average white noise term we can write a Langevin equation for the helix:
whose formal solution can be written as 30 :
The time correlation function can be obtained by multiplying equation (4) by ξ T (0) and by taking the ensemble average. Noting that the noise term has no correlation with the initial condition (i.e. ⟨η(t)ξ T (0)⟩ = 0) and using Eq. (2) to replace the term ⟨ξ(0)ξ T (0)⟩ we have that:
An explicit expression of the matrix exponential G is complicated but its numerical computation is straightforward. Calling Λ the diagonal matrix storing the eigenvalues of MK and indicating with C the coordinates transform that diagonalize MK we have:
Now that we have a way to compute the time correlations we can fit them to the data using the elements of M as free parameters. For each pair ξ i and ξ j we compute the correlation function and build the correlation matrix ⟨ξ(t)ξ T (0)⟩. Fig. 2 shows the measured correlation functions as solid lines. The uncertainty on each curve is calculated by dividing the trajectory into many shorter subtrajectories. For each subtrajectory we compute the correlation functions and compute their mean and the corresponding standard error (indicated by error bars in www.nature.com/scientificreports www.nature.com/scientificreports/ The fitted values of M are reported in Table 1 . The coupling term M yφ is different from zero because of the L-shaped arms connecting the helix to the handles; as the helix rotates around its axis, they L-shaped joints act as paddles pushing the fluid along the y axis. Such a coupling term would be zero if the tracking center coincides with the center of hydrodynamic stress 24 but here we are considering rotations along the helix axis. Because of the symmetry of our structure, we expect M xy , M yθ , M xθ , M φθ to be zero while the values reported in Table 1 are not. Such small discrepancies could originate from a minimal deformation that the helix structures may suffer when detached from the coverglass.
Since, in principle, all coordinates are coupled, each correlation function ⟨ξ i (t)ξ j (0)⟩ depends on all the elements of the matrix M so that fitting them simultaneously may be inaccurate if one of the curves presents large systematic tracking errors. As an alternative way to get M we can fit the cross-displacement matrix, which at short times takes the simple form:
The above expression tells us that, at short times, the coordinates ξ undergo a free diffusion before experiencing the effects of the quadratic potential. During free diffusion, each curve t t ( ) ( ) i j T ξ ξ 〈Δ Δ 〉 depends only on a single element M ij of the mobility matrix. To obtain M ij we numerically compute the time derivative of ⟨Δξ i (t) Δξ j (0)⟩. We then fit the latter to an exponential function, which empirically reproduces our data, and divide its value at t = 0 by 2k B T. In Table 1 are listed the elements of M obtained by taking the time derivative of ⟨Δξ(t)Δξ T (t)⟩ at t = δt (where δt is inverse of the framerate). Most of the values of M are compatible with the ones obtained by fitting the correlation functions.
The values of M can be compared with the ones computed using the Rotne-Prager method. In brief the helix structure and the coverglass are represented as rigid clusters of close packed small spherical beads (see Fig. 3 ). For a given configuration of beads a grand mobility matrix is calculated connecting forces and torques on every bead to the linear and angular speeds of all other beads 31, 32 . By imposing a rigid motion on all spheres in the cluster while setting to zero the speeds of the spheres in the wall cluster, the forces and the torques acting on each sphere are obtained by inverting the grand mobility matrix. The total force and torque on the helix are finally obtained by summing up force and torque contributions from every bead in the helix cluster. Results are listed in Table 1 . When the presence of the coverglass is neglected, A significant mismatch between the measured and simulated values of the translational drag is found when the presence of the coverslip is not taken into account. The coverslip has been included in the simulation by placing a 30 μm × 30 μm planar layer of spheres on which we impose a zero velocity condition. In Fig. 3 we show a 3D view of the spheres composing the micro-helix and the coverslip placed at a distance of 8 μm from the helix axis. Table 1 lists the values of M when the Rotne-Prager method also includes the coverslip effects. It is clear that the structure-wall hydrodynamic interactions play an important role. Unfortunately we were not able to increase the helix-wall distance since, as we move away from the coverslip, the optical trap strengths degrade because of spherical aberrations 33 . At approximately 10 μm scattering force become dominant and the structure cannot be trapped stably for more than a few seconds.
Having assessed the importance of hydrodynamic effects of the wall on the structure, we now want to study the dependence of the mobility as a function of the distance. In particular we are interested in the roto-translational coupling coefficient. To do this, we trapped our structure at a controlled distance from the coverslip and tracked it while the piezoelectric stage translated the sample along the x axis back and forth. Figure 4(a) shows the velocity v stage of the piezoelectric stage as a function of time. Each back and forth cycle was repeated 40 times for each . 2 ) and by extrapolating the time derivative of the coordinates cross displacement for t → 0 (see Eq. (7)). The computed mobility matrix for our structure is obtained using a Rotne-Prager method both in the absence and in the presence of a nearby bounding wall as explained in the text. The experimental correlation functions have been obtained by averaging the correlation functions of many subtrajectories. The uncertainty on the fitted values of M are obtained using the bootstrap method on the subtrajectories. Trajectories in x (blue) and φ (green). Brownian noise is filtered out by computing the average trajectory of x and φ plotted respectively as blue and green tick lines. Dashed lines plot a fit to the curve based on Eqs. (11) and (12) . (c-d) Drag coefficients Γ xx and Γ xφ as a function of the distance between the coverglass and the helix axis. The same two quantities are computed using Rotne-Prager method and plotted as solid lines. Dashed line in (c) plots the best fit to the function γ ∞ /(1 − (9/16)a/z) (where a and γ ∞ are free parameters and z is the distance of the helix center from the coverslip); the same function is used to fit data point in (d). Inset in (d) plots the predicted linear velocity of an helical structure that rotates with a constant torque (solid line) or a constant speed (dashed line) at different wall separations.
